R
ibosomal DNA (rDNA) genes of the budding yeast, Saccharomyces cerevisiae, encode a 35S precursor that is cotranscriptionally processed into the mature 25S, 18S, and 5.8S rRNAs that are incorporated into ribosomes. Transcription of 35S RNA by RNA polymerase I (Pol I) is considered the rate-limiting step of ribosome biosynthesis (1) and comprises ϳ60% of total transcription in proliferating cells (2) . The ϳ150 to 200 rDNA genes are organized into a single tandem array on the right arm of chromosome XII (3) . Although each rDNA gene has the capacity to be transcribed, only about 50% of them are active at any given time during exponential growth (4) . The proportion of active rDNA genes can be measured using a psoralen cross-linking assay, in which cells are treated with the DNA intercalating agent 4,5=,8-trimethyl psoralen and then UV cross-linked (5) . Active rDNA genes have a relatively open chromatin structure that is more accessible than that of inactive genes to the cross-linker. Increased cross-linking of the active genes is then readily observed as a DNA band shift on agarose gels (6) . The active and inactive rDNA genes can also be distinguished through electron microscopy of Miller chromatin spreads. In these micrographs, active genes are heavily loaded with RNA polymerases and their still-attached nascent rRNA transcripts, thus taking on a "Christmas-tree-like" appearance that is not observed for the inactive genes (7) . The number and distribution of polymerases on individual rDNA genes can be quantified from the micrographs, providing a level of detail not yet achievable with Pol II-transcribed genes.
Pol I-mediated transcription of rDNA genes is strongly repressed when yeast cells in culture enter the diauxic shift, a transition triggered by nutrient depletion that is characterized by massive reprogramming in metabolism, gene expression, and translation that prepares the cells for long-term survival during stationary phase (8) . Previously active rDNA genes that become transcriptionally repressed during the shift return to a closed (psoralen-protected) chromatin state until they are provided with fresh nutrients and can reenter the cell cycle (4) . Based on electron micrographs of psoralen-cross-linked chromatin from yeast cells, inactive rDNA genes appear to have a nucleosomal chromatin pattern across the coding region that is disrupted on active genes (4) , suggesting that nucleosomes are heavily remodeled during Pol I transcription. More recent studies have taken this further and provided evidence that active rDNA genes are largely devoid of nucleosomes (9) .
The consensus model for Pol II transcription elongation is that nucleosomes are acetylated and disrupted ahead of the polymerase (10) . Following passage of the polymerase, nucleosomes are reassembled by histone chaperones and deacetylated by the histone deacetylase (HDAC) Rpd3 to suppress the possibility of inappropriate intragenic transcription (11) . The histone chaperone/ elongation factors Spt6, Asf1, and FACT facilitate the nucleosome disruption/reassembly cycle (reviewed in reference 12). For Pol I transcription, the average number of polymerases transcribing each gene is exceptionally high (ϳ50 or ϳ1/135 bp) (7) , raising the question of whether specific factors are needed to remove and deposit histones during transcription or whether the high polymerase activity/processivity itself is sufficient to displace nucleosomes. In proliferating yeast cells, there appears to be a balance between transcription-dependent nucleosome removal and replication-dependent histone deposition on the rDNA that varies through the cell cycle (13) , although little is known about specific factors that function in the nucleosome dynamics at this locus.
We previously demonstrated that in the absence of the histone deacetylase Rpd3, Pol I transcription is repressed during the diauxic shift, but the previously active genes remain in an open, psoralen-accessible, chromatin state (14) . However, the nature of the open chromatin and the mechanism of closing the genes remained uncharacterized. We have now found that robust Rpd3-dependent histone H2B and H4 deposition occurs across the 35S transcribed region of the rDNA genes during the diauxic shift, consistent with the notion that the open psoralen conformation is due to massive histone depletion during Pol I transcription. We also discovered that the Spt16 subunit of the FACT complex is required for closing rDNA genes during the diauxic shift and for specific deposition of H2B, indicative of the H2A/H2B dimer influencing psoralen accessibility. In an spt16 mutant, we show for the first time electron microscopic evidence of defective nucleosome disruption and assembly on individual rDNA genes. The defect in nucleosome disruption was accompanied by an inability to fully activate Pol I transcription when cells exit stationary phase.
MATERIALS AND METHODS
Yeast strains and growth conditions. Yeast strains and oligonucleotides used here are listed in Tables 1 and 2 , respectively. All experiments were performed at 30°C unless otherwise indicated. Yeast extract-peptone-dextrose (YPD) and synthetic complete (SC) growth media were prepared as previously described (15) . HMO1 was C terminally tagged with 13 copies of the Myc epitope as described previously (16) . Tandem affinity purification (TAP)-tagged POB3 and SPT16 strains were obtained from Open Biosystems (17) . For spot test growth assays, yeast cells were grown on YPD plates overnight at 30°C. The optical densities at 600 nm (OD 600 ) were determined after scraping cells into 1 ml sterile water. The cell concentrations were normalized to an OD 600 of 1.0 and subsequently diluted 5-fold across a 96-well plate. Five microliters of each dilution was spotted onto the indicated plates. Psoralen cross-linking. Strains JS311 and JS490 (see Fig. 1A ) or FY56 and L577 (see Fig. 4B ) were grown to saturation for 2 days in YPD and then resuspended in 250 ml fresh YPD to an OD 600 of ϳ0.15. Samples were grown at 30°C, harvested at the indicated time points, and UV crosslinked with 4,5=,8-trimethyl psoralen (Sigma), and the processed genomic DNA was detected by Southern blotting as previously described (14) .
ChIP. Yeast cells were grown overnight in YPD, reinoculated into 200 ml YPD to an A 600 of 0.1, and then allowed to grow into log phase (A 600 ϭ 0.4) or stationary phase (OD ϭ 15) and cross-linked for 6 min with 1% formaldehyde (Fisher; 37%, wt/vol). Cells were harvested on ice and washed twice with 10 ml cold Tris-buffered saline (TBS; 300 mM NaCl, 40 mM Tris, pH 7.5). Cell pellets were flash frozen in 2-ml screw-cap tubes with liquid N 2 and stored at Ϫ80°C. Quantitative chromatin immunoprecipitation (ChIP) assays were then performed as previously described (18, 20) , with a few modifications. Thawed cell pellets were resuspended in 0.6 ml FA-140 lysis buffer plus protease inhibitors (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride [PMSF] , protease inhibitor cocktail [Sigma] ) and disrupted in a Biospec mini-BeadBeater at 4°C for 3 min, with 15 s of cooling between 45-s pulses. The bottoms of the tubes were punctured with a 25-gauge 5/8-inch needle and inserted into small glass tubes (Fisherbrand; 13 by 100 mm). Cell extracts were collected by centrifugation in an Eppendorf 5800R swinging bucket rotor at 2,000 rpm for 3 min at 4°C and then resuspended and transferred to 1.5-ml microcentrifuge tubes. The extracts were sonicated (30% output, 90% duty cycle) with 10 pulses, eight times, with cooling on ice between each pulse, and then centrifuged at 14,000 rpm for 5 min at 4°C in an Eppendorf 5415C microcentrifuge. The supernatants were transferred to fresh microcentrifuge tubes and centrifuged again for 20 min at 4°C at 14,000 rpm. The chromatin solution was transferred to a new tube, and protein was quantified with a Bradford assay (Bio-Rad).
In a volume of 400 l FA-140 lysis buffer, 1.5 mg of protein from the chromatin solution was immunoprecipitated overnight at 4°C with 2 l of anti-H2B (H193) or anti-H4 (H196) polyclonal antibodies, kindly provided by Michael Schultz (21) . Additional antibodies (2 l each) used for IPs were anti-H4K12Ac (Active Motif catalog no. 39165), anti-H4K5Ac (Millipore catalog no. 07-327), anti-Myc 9E10 (Upstate catalog no. 05-419), and anti-protein A (Sigma catalog no. P3775). A 1/10 volume of immunoprecipitated chromatin was flash-frozen to use as input control. Immunoprecipitated samples were centrifuged for 2 min at 14,000 rpm at 4°C, and the supernatant was added to 60 l protein A-Sepharose beads (50% slurry in FA-140) in a new 0.6-ml microcentrifuge tube. The samples were rotated at 4°C for 4 h. The beads were pelleted for 30 s at 5,000 rpm and washed 4 times with 0.5 ml FA-140, 4 times with FA-500 (50 mM HEPES, 500 mM NaCl, 1.0% Triton X-100, 1.0 mM EDTA), and 4 times with LiCl wash buffer (10 mM Tris-HCl, pH 8, 250 mM LiCl, 0.5% NP-40, 0.5% SDS, 0.1 mM EDTA). DNA and protein were eluted, and cross-links were reversed by adding 150 l of 5ϫ Tris-EDTA (TE)-1% SDS solution and incubating the mixture overnight at 65°C. DNA was purified using Invitrogen PureLink Quick PCR purification spin columns.
Quantitative PCR of ChIP DNA. Real-time PCR used an Applied Biosystems 7300 real-time PCR machine and the relative quantification method. Input DNA was diluted 1:125 to maintain a 100% efficient PCR. ChIP samples were diluted 1:25. All samples were run in triplicate, and at least two of the reads were used in the final signal. The PCR parameters were as follows: 1 cycle at 50°C for 2 min, 1 cycle at 90°C for 10 min, 40 (22) . The Invitrogen Superscript Reverse Transcriptase II kit and oligonucleotide JS766 (5=-TGTCGTGCCAGCTG CATTA-3=) were used to produce cDNA of the rRNA from 5 g RNA. Oligo(dT) was used for making cDNA from other RNAs. Real-time quantitative PCR (qPCR) was similar to that previously reported (23) . Each 20-l reaction mixture contained cDNA (diluted 1:20), 10 l Sensimix SYBR kit reaction mix (Bioline), and PCR primers at a 200 nM final concentration. PCR parameters were the same as those used above for qPCR with ChIP DNA. Samples were run in triplicate. At least two replicates were used for the final signal of each culture. The rRNA signal obtained with primers bridging the 5= external transcribed spacer (ETS)-18S processing site was normalized to the ALD2 mRNA signal to control for loading differences. Standard deviations were calculated from at least 3 biological replicates.
Pulse-labeling of rRNA in vivo. Cells were grown in SC-Met-Cys medium, labeled with [
3 H]methyl methionine (20 Ci/ml) for 5 min, and then chased for 5 min with unlabeled methionine (500 g/ml) as described previously (24, 25) . Cells were harvested, rinsed with ice-cold sterile water, and flash frozen. RNA was extracted using the acid-phenol method (22) , and 20 g was separated on a formaldehyde-agarose gel. RNA was transferred to an Immobilon Ny ϩ membrane overnight in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and crosslinked using the auto-cross-link program in a UV Stratalinker 2400 (Stratagene). After the membrane was sprayed with a light layer of En 3 Hance (PerkinElmer), labeled rRNA was detected by fluorography on X-ray film.
Western blot analysis. At the indicated times, cell cultures were pelleted and then extracted in 0.5 ml 20% trichloroacetic acid (TCA) by vortexing with glass beads as described previously (18, 26) . Culture OD 600 was ϳ1.0 for log-phase or ϳ10.0 for post-log-phase (24-h) cells. Ten microliters of the whole-cell extracts (WCE) was separated on 15% SDSpolyacrylamide gels in a Bio-Rad Mini-Protean apparatus for 1.5 h at 150 V. The gels were transferred to Millipore Immobilon-P membranes with a Bio-Rad Trans-Blot SD semidry apparatus at 25 V for 1 h. Membranes were blocked with 5% bovine serum albumin (BSA) in 1ϫ TBST (1ϫ Tris-buffered saline [TBS], 0.1% Tween 20) at room temperature for 1 h and then washed with 1ϫ TBST (4 times for 5 min each) at room temperature and incubated with diluted primary antibody (1:2,000; 5% nonfat milk in 1ϫ TBST) with gentle agitation overnight at 4°C. After the membrane was washed with 1ϫ TBST (4 times for 5 min each), the diluted horseradish peroxidase (HRP)-conjugated secondary antibody reaction (1:5,000; 5% nonfat milk in 1ϫ TBST) was performed at room temperature for 1 h. The membrane was washed again with 1ϫ TBST (4 times for 5 min each), and the enhanced chemiluminescence (ECL) method was used for detection. The following antibodies were used: anti-H2B (H193), anti-H4 (H196), anti-Myc 9E10 (Upstate catalog no. 05-419), antiH4K5Ac (Millipore catalog no. 07-327), and anti-H4K12Ac (Active Motif catalog no. 39165).
EM. Miller spreads were made as described previously (27) , using either method 1 for typical chromatin spreads (see Fig. 5 ) or method 2 for improved retention of nucleosomes (see Fig. 6 ). The optical density of the yeast cultures was monitored, and post-log-phase cells were harvested 2 to 3 h after growth rate decreased at the diauxic shift. For each strain and condition, multiple independent chromatin spreads were made, multiple electron microscopy (EM) grids were completely scanned and photographed, and all rDNA genes that could be mapped were included in the analyses. In counting the number of polymerases per gene, this number corresponds to the number of transcripts on the gene typically plus a few more polymerases, generally near the 5= end of the gene, without obvious nascent transcripts attached. See the figure legends for additional details.
RESULTS
Rpd3 is required for efficient histone deposition onto rDNA genes during the diauxic shift. Previous reports implied that psoralen accessibility of the rDNA is directly related to nucleosome occupancy (9, 28) . We hypothesized that the active (open) rDNA genes in log-phase cells are nucleosome depleted and that Rpd3 is required for efficient nucleosome assembly during the diauxic shift. As shown in Fig. 1A and B, most rDNA genes in a WT strain were fully inactivated (closed) within 24 h after culture inoculation, whereas approximately one-half of the genes remained open (psoralen accessible) in the rpd3⌬ mutant. The 24-h time point in this experiment is late in the diauxic shift and is called post-logphase in the chromatin immunoprecipitation (ChIP) experiments throughout the study. ChIP assays with log-phase and postlog-phase cells were used to measure changes in H2B and H4 occupancy using a primer pair to the rDNA promoter region (IGS2) and two different primer pairs within the transcribed region (Fig. 1C ). H4 and H2B were considered indicators of the H3/H4 tetramer and H2A/H2B dimer, respectively. During log phase, H4 (Fig. 1C) and H2B (Fig. 1D) occupancies at IGS2 and the 25S rDNA were relatively low but increased dramatically in WT post-log-phase cells, indicative of strong histone deposition occurring during the diauxic shift. In the rpd3⌬ mutant, post-logphase histone deposition across the transcribed region was significantly reduced compared to the WT level but was largely unaffected at IGS2 (Fig. 1C and D) . The WT and rpd3⌬ strains both expressed approximately the same steady-state level of H2B and H4 protein under log-phase and post-log-phase growth conditions (Fig. 1E , bottom two panels), indicating that changes in ChIP signal were not due to changes in global histone levels. Furthermore, since H2B and H4 occupancy were both reduced in the rpd3⌬ mutant, assembly of the entire nucleosome is at least partially dependent on Rpd3. Additional factors are also likely involved, because there was still a substantial increase in post-logphase histone occupancy even in the rpd3⌬ mutant.
Numerous Pol II-transcribed genes are downregulated during the diauxic shift, so we tested whether Rpd3-mediated H4 deposition occurred on such genes or was specific to the rDNA. The S-adenosylmethionine synthetase (SAM1) gene is a Pol II-transcribed gene that is strongly repressed during the shift (29) . We found that SAM1 gene expression was strongly repressed in both the WT and rpd3⌬ strains ( Fig. 2A, 12 and 24 h) . As was the case with rDNA genes, ChIP analysis showed that H4 occupancy on the SAM1 open reading frame (ORF) during log phase was relatively low in WT and rpd3⌬ strains and increased during post-log phase (Fig. 2B) . However, post-log-phase H4 occupancy on the SAM1 ORF was unaffected by the rpd3⌬ mutation, indicating that Rpd3-dependent histone deposition is not necessarily a universal mechanism for gene repression during the diauxic shift.
Rpd3 is the catalytic subunit of two multisubunit histone deacetylase (HDAC) complexes known as Rpd3L and Rpd3S (Fig.  2C) . The larger, Rpd3L complex has generally been considered a gene-specific transcriptional corepressor that deacetylates H4 on K5 and K12 via association with DNA binding factors (30) . The smaller, Rpd3S complex functions in deacetylation of H4 following passage of Pol II through active genes, preventing spurious intragenic transcription (11, 31) . We investigated the relative contribution of each complex to histone deposition onto the rDNA by deleting DEP1 to specifically disrupt Rpd3L and RCO1 to disrupt Rpd3S (11, 32) . H2B occupancy in the WT, rco1⌬, and dep1⌬ strains was then measured by ChIP as an indicator of nucleosome assembly. As shown in Fig. 2D , post-log-phase H2B occupancy on the 25S rDNA region was significantly attenuated in the dep1⌬ mutant but only modestly affected in the rco1⌬ mutant. Rpd3L, therefore, appears to be the primary Rpd3 complex functioning at the rDNA.
Having established that Rpd3L promotes histone deposition onto rDNA genes during the diauxic shift, we were next interested in the composition of chromatin on "open" genes in the rpd3⌬ mutant. Hmo1 is an HMG-box protein that associates with active rDNA genes (9) , is thought to function in Pol I elongation (33) , and counteracts replication-independent nucleosome assembly (13) . We hypothesized that Hmo1 may become enriched on rDNA genes in post-log-phase rpd3⌬ cells to stabilize the genes that remain open in this mutant. Using an Hmo1-Myc-tagged strain, ChIP experiments were performed on log-phase and postlog-phase cells. As expected from earlier studies (9, 34), Hmo1-Myc was heavily enriched on the transcribed rDNA region of logphase WT cells, with greater occupancy at the 5= 25S region (middle of 35S) than at the 3= 25S region. In post-log-phase WT cells, Hmo1-Myc occupancy at the 5= 25S region was reduced compared to the log-phase signal, but occupancy at the 3= 25S region was unchanged. Importantly, no differences in Hmo1-Myc occupancy were observed between the WT and rpd3⌬ strains (Fig.  3A) , and steady-state Hmo1-Myc protein levels were similar for the various strains and growth conditions (Fig. 3B) . These results indicate that Hmo1 remains significantly associated with the rDNA genes during the diauxic shift independently of Rpd3. Therefore, the changes in rDNA psoralen cross-linking that occur between WT and rpd3⌬ strains during the diauxic shift are not due to changes in Hmo1 or Pol I occupancy but instead are directly related to differences in histone/nucleosome occupancy.
As shown in Fig. 1E , H4 is globally deacetylated on K5 and K12 in an Rpd3-dependent manner when cells enter the diauxic shift (14, 21) . So, we next used ChIP to test whether the H4 deposited onto rDNA genes during the diauxic shift was hypoacetylated compared to that deposited during log phase. When normalized for H4 occupancy, H4-K5 and H4-K12 were both hypoacetylated at all three tested rDNA regions when the WT strain shifted from log phase to post-log phase (Fig. 3C and D) . In the rpd3⌬ mutant, however, K5 and K12 were hypoacetylated even during log phase, which could be related to the increased Sir2-dependent rDNA silencing that occurs in this mutant (35, 36) . Importantly, in the rpd3⌬ mutant there was no significant difference in relative K5 and K12 acetylation between log-phase and post-log-phase cells ( Fig. 3C and D) . Several possible interpretations of this result are addressed in the Discussion, but the lack of major acetylation changes could indicate that Rpd3 has an alternative function in nucleosome deposition at the rDNA independent of its role as a histone deacetylase. Indeed, a core Rpd3 complex was recently shown to have nucleosome assembly activity in vitro, similar to histone chaperones such as Asf1, Spt6, and FACT (37) .
H2B deposition on the rDNA is Spt16 dependent. While results above were consistent with a role for Rpd3 in nucleosome assembly onto rDNA genes during the diauxic shift, we hypothesized that conventional histone chaperones were also involved. We focused on FACT, in yeast a heterodimer of Pob3p and Spt16p, which is recruited to nucleosomes via the HMG-box proteins Nhp6A and Nhp6B (38, 39) . Yeast FACT has in vitro nucleosome assembly activity comparable to that of the Rpd3 core complex (37) , and the human FACT complex was shown to associate with the rDNA and facilitate Pol I transcription in vivo (40) . POB3 and SPT16 are essential in yeast (39), so we utilized the temperature-sensitive spt16-197 (spt16-G132D) mutant that is inviable at 37°C (41) . At 30°C, growth of this mutant is comparable to that of the WT (Fig. 4A ), but it still has a strong spt-deficient phenotype (41) , suggesting that any differences in rDNA chromatin structure in the mutant are unlikely to be due to slower growth. We first used psoralen cross-linking to test whether the spt16-197 mutant at 30°C was able to close rDNA genes during the diauxic shift or stationary phase. As shown in Fig. 4B , rDNA genes remained approximately 50% open at the 24-h (post-log) time point in the mutant. By 48 h (early stationary phase), the open proportion even appeared to increase, whereas the rDNA genes in the WT control were predominantly closed (Fig. 4B) . A small population of open genes appeared to remain in the WT strain, suggesting that this strain background has slower kinetics of repression than does the background used for the rpd3⌬ mutant. Regardless of the slower kinetics, we can conclude that fully functional Spt16 is required to properly close the rDNA genes during the diauxic shift.
Given the similar results for psoralen cross-linking in rpd3⌬ and spt16-197 mutants, we performed ChIP assays for H2B and H4 occupancy in the spt16-197 mutant to test for a histone deposition defect. As expected, post-log-phase WT cells had significantly higher H4 and H2B occupancy at each rDNA location than did log-phase cells (Fig. 4C and D, respectively) , indicative of nucleosome assembly when transcription is repressed. The spt16-197 mutation had little effect on H4 occupancy compared to WT in post-log-phase cells (Fig. 4C ) but specifically reduced H2B occupancy across the 25S region, and not IGS2 (Fig. 4D) . To confirm that FACT associates with yeast rDNA, TAP-tagged versions of Spt16 and Pob3 were used for ChIP assays. During log phase, Spt16-TAP and Pob3-TAP were both associated with the promoter (IGS2) and the 25S transcribed regions, but the enrichment was significantly improved in post-log-phase cells (Fig. 4E) . These results together suggest that yeast FACT functions in H2A/H2B dimer deposition onto the transcribed regions of rDNA genes during the diauxic shift and imply that H2B depletion (probably H2A/H2B dimer depletion) from the rDNA genes is sufficient to increase psoralen accessibility in the spt16-197 mutant.
Despite the spt16-197 mutant having open rDNA genes that are depleted of H2B, Pol I transcription of the rDNA genes in the spt16-197 mutant was still repressed during the diauxic shift (see Fig. 7 ). Under post-log-phase conditions, spt16-197 mutant cells should, therefore, have fewer polymerases loaded on their active rDNA genes than do WT cells. To test this hypothesis, we visualized rDNA genes using electron microscopy of Miller chromatin spreads (Fig. 5 ). There were no obvious gross differences in polymerase density between the WT and spt16-197 mutant during log phase (Fig. 5A) , although when polymerases were carefully counted, there was a trend toward higher densities in the mutant (Fig. 5B) , perhaps suggesting a weak elongation defect. Polymerase densities in WT and spt16-197 strains decreased in post-logphase cells (Fig. 5A and B) with post-log-phase polymerase counts usually lower in the spt16-197 mutant than in the WT (Fig. 5B) . The overall percentage of genes with sparse polymerase counts was, indeed, greater in the post-log-phase mutant cells (Fig. 5C Polymerases were counted on all rDNA genes that were unambiguously traceable from the 5= to the 3= end during the log-phase and post-log-phase stages ("precise count," shown on the left). Due to the small sample sizes that were unambiguously traceable under post-logphase conditions, we expanded these samples by including genes whose polymerases could not be counted without some slight ambiguity, thus resulting in "approximate counts," shown on the right. Compared to WT, post-log-phase rDNA genes in spt16-197 mutant cells displayed significantly fewer polymerases per gene (t test, P ϭ 0.038 for precise counts and P ϭ 0.006 for approximate counts). (C) In order to include many additional chromatin fields whose genes could not be traced for polymerase counts in panel B, we visually scored each field for approximate polymerase density for the genes displayed. Note the expansion of sparse fields in the post-log-phase mutant.
genes were visualized with Miller spreads using conditions that retain nucleosomes (27) , we noticed an increased frequency of aberrant nucleosome occupancy patterns in the spt16-197 mutant. In WT strains, inactive rDNA genes typically showed a nucleosomal (beads on a string) pattern with a density of 35 to 40 nucleosomes per gene (ϳ1 per 170 to 190 bp) (Fig. 6A and D) . Active rDNA genes usually did not exhibit nucleosomes between polymerases and had a "smooth" appearance in the gaps (Fig. 6A) , even when transcribed at a very low level, as described previously (42) . In spt16 mutant cells, most inactive genes had the typical number of nucleosomes but occasional inactive genes were observed with fewer nucleosomes (range, 11 to 26) (Fig. 6C and D) . In addition to aberrant chromatin packaging in inactive genes, an irregular pattern was also observed in active genes of mutant cells, such that some active genes showed excessive nucleosome-like particles between polymerases ( Fig. 6B and E) . Rare instances of this phenomenon were also observed in WT cells, but the frequency increased in mutant cells (Fig. 6E) .
We showed by ChIP assays that FACT association with rDNA genes was improved in post-log-phase cells (Fig. 4E ) and hypothesized that it remains poised on the inactive genes to assist in the rapid reactivation of Pol I transcription when required. Consistent with such a model, EM data in Fig. 6 showed that nucleosomes were not properly disrupted from active rDNA genes in the spt16-197 mutant. This could have significant consequences for Pol I transcription initiation and/or elongation when cells are attempting to reactivate genes after a shift from depleted to fresh growth medium. To test this idea, we measured precursor 35S rRNA steady-state levels using a quantitative reverse transcription-PCR (qRT-PCR) assay. As shown in Fig. 7A , maximum rRNA signal for the WT strain was reached within 1.5 h after transfer to fresh YPD, whereas the spt16-197 mutant never came close to attaining the same high level during the entire 24-h time course. To confirm that this was not an artifact of the 35S qRT-PCR assay, we also measured synthesis of 35S rRNA using in vivo [ 3 H]methionine labeling, which detects rRNA methylation and is used as an indicator of nascent rRNA synthesis (43) . Incorporation into 35S rRNA at 30 min, 90 min, and 8 h after addition of fresh YPD was detected by fluorography (Fig. 7B) . As with the qRT-PCR, 35S production in the spt16-197 mutant was signifi- (The inset shows the distribution of nucleosome counts for all inactive genes that could be counted. Genes designated low-nucleosome-density genes are those in the lower peak of the bimodal distribution shown in the inset and are all from spt16 mutant cells.) Statistical analysis was not possible on this set due to the small number of mappable inactive genes in the actively growing cells: n ϭ 9 for WT log phase, 37 for spt16 log phase, 3 for WT post-log phase, and 44 for spt16 post-log phase. (E) Percentage of active genes displaying apparent nucleosomes. Compared to WT, the spt16 mutant showed a significant increase in the percentage of active genes displaying apparent nucleosomes under both log-phase and post-log-phase conditions (chi-square test, P ϭ 0.037 and P ϭ 0.007, respectively). Active gene sample sizes were 130 for WT log phase, 260 for spt16 log phase, 72 for WT post-log phase, and 160 for spt16 post-log phase.
cantly attenuated at the peak (90-min) time point and was then reduced again in both strains at 8 h, when the cells have entered the diauxic shift and processed 25S rRNA levels are also lower (Fig.  7B ). Taken together, the results support a model in which FACTmediated nucleosome remodeling is required for proper activation of rDNA transcription. Once the rDNA genes are activated and nucleosomes are removed, FACT becomes less important until it is time to close the genes, when nutrients are again depleted.
DISCUSSION
Due to the repetitive nature of rDNA genes, they have generally not been included in most genome-wide studies of how nucleosome occupancy relates to transcription. The situation with rDNA is also complicated by the fact that only about 50% of the genes within the tandem arrays are transcribed by Pol I even during rapid cellular growth (4, 6), resulting in a mixed population that could potentially complicate interpretation of data derived from chromatin IP or micrococcal nuclease (MNase) sensitivity assays. To get around this potential issue in the yeast system, several studies have used low-rDNA-copy-number strains where practically all of the rDNA genes are simultaneously transcribed, thus reducing background signal from inactive genes (7, 9, 44) . Reexpansion of the array size in such strains is prevented by deletion of the FOB1 gene, which results in loss of replication fork blocks and reduced homologous recombination between rDNA repeats (45) . However, a key biochemical function of Fob1 is recruitment of the NAD ϩ -dependent histone deacetylase Sir2 to the rDNA (46), which is also important for the formation of normal rDNA chromatin structure (47) (48) (49) . For this reason, in this study we wanted to keep Fob1 intact to maintain normal rDNA chromatin structure while tracking histone occupancy.
Despite ϳ50% of the rDNA genes being inactive during log phase in the normal-rDNA-copy-number strains used in this study, the differences in histone occupancy between log-phase and post-log-phase WT cells, as measured by ChIP, were still severe enough to easily detect an ϳ10-fold increase in H2B and H4 across the transcribed 35S region (Fig. 1) . Because of the inactive gene background in log-phase cells, the absolute difference in nucleosome occupancy between active and inactive genes was probably even greater, thus accounting for the clear distinction in psoralen accessibility between the two chromatin states. The equivalent increases in H2B and H4 occupancy in post-log-phase cells strongly imply that the entire nucleosome, and not just the H2A/H2B dimer, is likely removed during Pol I transcription, consistent with previous chromatin endogenous cleavage (ChEC) analysis of active rDNA genes in low-rDNA-copy-number strains that also implied very low nucleosome occupancy (9) . Nucleosomes were depleted from the promoter region of IGS2 during log-phase growth (Fig. 1) , which was somewhat surprising at first glance. However, nucleosome occupancy in the IGS also appeared to be reduced in low-rDNA-copy-number strains compared to normal-copy-number strains when assayed by the ChEC method (9), correlating higher transcription levels with fewer nucleosomes in the spacer. Furthermore, Pol II promoters tend to be depleted of H3 and H4 during transcription (50, 51) , so analogous nucleosome remodeling is likely occurring at the rDNA promoter to regulate Pol I initiation (52) .
Rpd3 function in nucleosome assembly. Rpd3 is partially required for the histone deposition that we observe on rDNA genes in post-log-phase cells, which is consistent with the requirement for RPD3 in closing rDNA gene chromatin structure in psoralen cross-linking assays (14) . The Rpd3L complex associates with promoters of specific Pol II-transcribed genes to repress transcription via a histone deacetylation-based mechanism (11, 53) , whereas Rpd3S associates with ORFs and deacetylates H4 to repress cryptic Pol II transcription initiation within the body of genes (54) . Interestingly, Rpd3S specifically associates with the ORFs of genes that are also bound by Rpd3L at the promoter, suggesting that the two complexes have a functional link (55) . We could assign most of the Rpd3-dependent histone deposition activity in rDNA to Rpd3L (Fig. 2D) , which is the most abundant Rpd3 complex in yeast (56) . Even though the rco1⌬ mutant that disrupts Rpd3S had little effect on histone occupancy in post-log-phase cells, we cannot rule out the possibility that the predominant Rpd3L complex compensates for loss of Rpd3S in this mutant.
Regardless of the Rpd3 complexes involved, a big question is whether Rpd3 plays a direct role in nucleosome assembly at the rDNA. Rpd3 was previously shown by ChIP assays to associate with both promoter (IGS2) and transcribed 35S regions (18, 57) . Despite global H4 hyperacetylation in the rpd3⌬ mutant during the diauxic shift, there was only a modest localized effect on acetylation at the rDNA (Fig. 3) , suggesting that Rpd3 has another function at rDNA chromatin that is largely independent of histone deacetylation. Indeed, while we were working on this study, both Rpd3L and Rpd3S were shown to have histone chaperone activity that can assemble nucleosomes in vitro and stabilize nucleosomes to prevent RSC-mediated eviction (37) . Furthermore, deletion of RPD3 caused a global reduction in H3 occupancy at RSC-regulated genes, mostly at intergenic regions, consistent with an in vivo nucleosome stabilization function (37) . Our results extend this apparent role in promoting nucleosome assembly or stabilization to the rDNA during the diauxic shift.
The decrease in histone acetylation at rDNA in an rpd3⌬ mutant presents an interesting contradiction that may be explained by earlier Pol II transcriptional silencing assays. Even though it is a histone deacetylase, Rpd3 in yeast appears to counteract heterochromatic silencing, such that an rpd3⌬ mutant displays an increase in silencing at the rDNA, mating type loci, and telomeres (35, 36, (58) (59) (60) . The decrease in H4 acetylation on K5 and K12 across the rDNA genes may be a result of expanded Sir2 activity within the rDNA in the absence of RPD3, as observed in telomeric silencing assays (61) . Such a hypothesis is reasonably supported by evidence indicating that Rpd3 is important for maintaining chromatin structures that allow Pol II transcription of rDNA genes (62) . Deleting RPD3 may rearrange the balance or relieve competition between Rpd3 and other chromatin modifiers and result in increased deacetylation by a chromatin effector otherwise not involved at the rDNA (56, 63) . Any hyperacetylation of rDNA-associated H4 in the rpd3⌬ mutant during the diauxic shift could be largely quenched by the silencing-associated H4 deacetylation. Alternatively, hyperacetylated histones that are deposited onto rDNA during the diauxic shift but not deacetylated in the rpd3⌬ mutant could be unstable in that environment, thus resulting in reduced occupancy of the acetylated form.
Spt16 (FACT) function of histone deposition onto rDNA genes. Prior to the identification of histone chaperone activity for Rpd3 complexes (37), we were interested in whether an established histone chaperone could be directly involved in nucleosome assembly at rDNA genes. FACT was initially identified as a factor that allows Pol II transcription through chromatinized DNA templates in vitro (64) and was later shown to facilitate transcription by removing an H2A/H2B dimer from nucleosomes (65, 66) . There is also considerable evidence that FACT functions as a histone chaperone that can both assemble nucleosomes and exchange histones within nucleosomes and that these activities are important for transcription, DNA replication, and repair (reviewed in reference 67). Drosophila melanogaster FACT localizes strongly to nucleoli (68) , and mammalian FACT directly binds to RNA polymerase I and is required for efficient Pol I transcription through nucleosomal DNA in vitro (40) , though its role in nucleosome dynamics at rDNA has not been investigated. The conserved nature of FACT from yeast to mammals makes it an outstanding candidate for depositing histones onto rDNA in yeast.
The psoralen cross-linking assay with an spt16-197 mutant showed that the rDNA genes remained in an open chromatin conformation during the diauxic shift and stationary phase (Fig.  4B) , similar to the results observed with the rpd3⌬ mutant (Fig.  1A) (14) . However, while the rpd3⌬ mutant was defective in loading both H2B and H4 onto rDNA genes, the spt16-197 mutant was defective only in loading H2B (Fig. 4C and D) . This is an interesting distinction because it suggests that FACT is mainly responsible for assembling the H2A/H2B dimer onto rDNA genes and that an H3/H4 tetramer is still assembled in the spt16 mutant, perhaps by Rpd3. In support of this idea, the nucleosome-deficient regions of inactive rDNA genes observed by EM still had residual dots of electron density along the chromatin fibers that could potentially be interpreted as partial nucleosomes (Fig. 6C) . The absence of H2A/H2B dimers from nucleosomes would therefore appear to be sufficient to increase the psoralen accessibility of rDNA genes when they are repressed during the diauxic shift. This is the first in vivo evidence of FACT specificity for the dimer versus the entire nucleosome in nucleosome assembly. A previous report found that deposition of newly synthesized H2B or H3 during histone exchange on Pol II-transcribed genes was equally deficient in spt16 mutants (69) , suggesting that FACT works on the whole nucleosome. Our results suggest a model at the rDNA in which Rpd3 is required for assembly or stabilization of the entire nucleosome and FACT is required for the dimer. The H3/H4 tetramer is assembled before the H2A/H2B dimer, so it is possible that Rpd3 deposits only H3 and H4 onto the rDNA, and the lack of tetramer formation in an rpd3⌬ mutant subsequently prevents assembly of the dimer.
Nucleosome assembly onto rDNA genes in yeast has been linked to DNA replication, though the chaperones involved have not been identified (13) . It is not clear if the same replication dependence occurs during the diauxic shift, but based on our results, Rpd3 and FACT are certainly good candidate factors. DNA replication occurs during the diauxic shift, because the cells are still dividing while utilizing ethanol as their carbon source. The increase in histone occupancy that we observe by ChIP in postlog-phase cultures could be derived from the final S phase of cells that have exited the cell cycle. However, the rDNA transcription rate is also greatly reduced during the shift, arguing that histone deposition could just as easily be linked to repression of transcription, rather than replication. Further experiments will be needed to distinguish between the two mechanisms.
Spt16 and rDNA transcription. FACT in human cells was previously shown to promote efficient rDNA transcription (40), so we were also interested in whether yeast FACT had any positive function in rDNA transcription related to the destabilization or displacement of nucleosomes. In the spt16-197 mutant, there was a slight trend toward more polymerases engaged on each active gene during log phase (Fig. 5B) , consistent with a modest elongation defect. Since we observed an increase in apparent nucleosomes within active genes at a higher frequency in Miller spreads from the spt16 mutant compared to those for WT, we hypothesized that a defect in nucleosome removal or destabilization would be a severe problem when the cells are exiting stationary phase and must remove nucleosomes for the first round of Pol I transcription. The association of Spt16 and Pob3 on the inactive rDNA genes in post-log-phase cells (Fig. 4E) would properly position the FACT complex in a poised state waiting for the introduction of fresh nutrients. Recent work investigating the FACT "dimer displacement" model has redefined the function as establishing "global accessibility," whereby FACT reorganizes nucleosomes into a more flexible conformation without altogether removing the H2A/H2B dimer (70) . In either scenario, FACT would be important for the rapid increase in rRNA production when cells are transferred to fresh growth medium. Such a model is supported by inability of the spt16-197 mutant to maximize rRNA transcription during the first few hours after shift to fresh medium. Psoralen cross-linking and Miller spread results suggest that eventually the active genes are depleted of nucleosomes and fully loaded with polymerases, but an elongation defect remains. We propose a model in which yeast Rpd3L and FACT cooperate in the formation of nucleosomes onto rDNA during the diauxic shift. Rpd3L has intrinsic nucleosome assembly activity (37) , so the role of Rpd3 could either be through histone deacetylation or as a histone chaperone, or possibly both. In this model, Rpd3L is primarily responsible for H3/H4 tetramer deposition and FACT is responsible for H2A/H2B dimer deposition. There are likely additional factors that also contribute to the nucleosome assembly process because the rpd3⌬ and spt16-197 mutants did not completely prevent nucleosome assembly during the diauxic shift. An alternative model is that Rpd3L does not directly assemble the tetramer itself but is responsible for maintaining stability of the nucleosomes during the diauxic shift. Given the conservation of Rpd3 and FACT in all eukaryotes, we predict that similar nucleosome assembly mechanisms occur at the rDNA locus in other organisms. The transitions between the log-phase and postlog-phase states should provide an outstanding tool for identifying additional assembly factors and studying rDNA gene activation and repression.
